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Abstract
This study involved analysis of genetic variation among Aboriginal Australian populations 
using microsatellite markers on the Y chromosome. Allelic diversity and haplotypic diversity 
in Aboriginal Australians were found to be high, relative to other populations throughout the 
world. The set of alleles at each Y-specific micro satellite locus was used to construct Y 
chromosome haplotypes for each individual. A network showing the relationships among 
haplotypes based on these markers was constructed, and showed a highly branching patttern.
The findings of this study were interpreted in the context of the evolutionary history of 
Aboriginal Australians and compared to previous genetic studies of Aboriginal Australian 
populations and tp archaeological and paleoanthropological evidience.
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Chapter 1 
Introduction
21.1 A Brief History of the Aboriginal People of Australia
Archaeological and paleoanthropological evidence suggests that the peopling of Australia 
commenced over 60,000 years ago. The oldest reliably dated Aboriginal sites in Australia are 
an occupation site in Arnhem Land in Northern Australia, which is between 50,000 and 
60,000 years old (Roberts et al. 1990) and a burial site at Lake Mungo (the Lake Mungo 3 
skeleton), which is between 54,000 and 69,000 years old (Grün et al. 1998). The presence of 
humans at Lake Mungo in Southeastern Australia at least 54,000 years ago pushes the earliest 
date of colonisation of Australia further into antiquity than previously believed. It is generally 
assumed that only anatomically modern Homo sapiens ever arrived in Australia.
For the majority of the last 100,000 years, Australia, Tasmania and New Guinea formed a 
single continent connected during times of lower sea levels by the Sahul Shelf. Numerous 
migration routes could have been followed by humans from the populated South East Asian 
land mass, connected by the Sunda Shelf, via island chains through Indonesia to Sahul, or via 
more northerly islands to what is now New Guinea and southward to Australia (Kirk, 1981; 
Birdsell, 1993). At times these routes may have required sea crossings of no more than 50 to 
100 km, although local population expansions or environmental pressures could have 
motivated these early seafarers to seek new lands at times of higher sea levels as well 
(Stringer and McKie, 1996). In any event, we now know that migration of humans to 
Australia probably required multiple sea crossings and many failings before the ancestors of 
modern Aboriginal Australians arrived somewhere in Northern Australia and spread 
throughout the continent. However, it remains unknown how many waves,of migration 
occurred, how large the founding population(s) were and how the modern people of New 
Guinea and Australia are related.
Two conflicting hypotheses regarding the origins of Aboriginal Australians are debated 
among archaeologists and paleoanthropologists today, with contention arising largely from 
skeletal remains discovered at two sites in Southeastern Australia (Birdsell, 1993). A number
of skulls of individuals were discovered at burial sites around 10,000 years old at Kow
v  c
Swampy The Kow Swamp individuals display robust morphological characteristics that are 
outside the range of modern Aboriginal Australians (Thorne, 1975). The robust phenotype 
contrasts with more gracile skeletons found at burial sites in the Willandra Lakes Region, 
which are within the skeletal range of modern Aboriginal Australians (Thorne, 1975), and
3which include the Mungo 3 individual dated to between 54,000 and 69,000 years old (Grün et 
al. 1998).
The first hypothesis concerning Aboriginal origins proposes that Australia was colonised by a 
sole wave of a quite homogenous group of people. If this is correct, the robust individuals of 
Kow Swamp and the gracile individuals of Lake Mungo could represent part of a continuous 
range (Brown, 1981). If peopled by a single group of founders, then regional differentiation 
throughout Australia could have produced the degree of genetic, linguistic and cultural 
diversity present among Aboriginal groups at the time of European contact.
The second hypothesis proposes that there were at least three waves of migrations of distinct 
people into Australia, by a number of different routes (Birdsell, 1993). The first wave 
produced the initial inhabitants of Australia, represented by the gracile Mungo finds, who are 
thought to have been present in modern times in Tasmania and rainforest areas surrounding 
Cairns in Northeastern Australia. Across the remainder of the continent these people were 
replaced by a second wave of inhabitants, whose skeletal remains were found at Kow Swamp, 
and who are best represented in modem Australia by the inhabitants of the Murray Valley, in 
the southeast of the continent. The final wave of immigrants settled in Northern Australia, 
around the Gulf' of Carpentaria, the area where the greatest degree of linguistic diversity in 
Australia is found today.
Analysis of ancient mitochondrial DNA extracted from skeletal remains from the Kow 
Swamp and Willandra Lakes sites was unable to resolve whether these individuals represent 
variation among a single group, or distinct migrations (Adcock et al. 1998).
These fragments of evidence from the archaeological record have been supplemented by 
genetic studies of living populations.
41.2 Genetic Markers as Evidence of Population History
Our understanding of the origins of modem humans, past human migrations, and the affinities 
among human populations today has been greatly enhanced by investigation of the 
distribution of genetic markers, or genetic polymorphisms, among different populations 
(Cavalli-Sforza et al. 1994).
A number of genetic studies .have been carried out to attempt to resolve issues rega'ding the 
origin of Aboriginal Australians and their relationships to surrounding populations. Studies 
of red blood cell antigens, various enzymes and serum proteins support a common origin of 
Aboriginal Australians and New Guinea highlanders, as does sharing of a-globin haplotypes 
among these regions (Roberts-Thomsom et al. 1996). In contrast to this, a-globin, HLA and 
mitochondrial DNA studies have indicated greater genetic distances between these two groups 
(Tsintsof et al. 1990). Analysis of the distribution of a-globin gene markers is consistent with 
multiple colonisation events in northern Australia, including recent admixture with Southeast 
Asian populations (Tsintsof et al. 1990), and it is considered that studies that have shown 
genetic links between coastal New Guineans, Aboriginal Australians and Southeast Asians 
may be due to recent admixture along the northern coastline of Australia (Roberts-Thomsom 
et al. 1996).
The observation that Aboriginal Australian populations show higher levels of genetic 
diversity at autosomal microsatellite loci than at protein encoding loci, relative to similar 
populations in other regions of the world, led to formation of a hypothesis regarding their 
evolutionary history (Harley, 1996). This model proposes that Aboriginal Australians have 
experienced a population bottleneck, perhaps at the time of their arrival in Australia. A 
population bottleneck has the effect of reducing diversity at all loci. Following the proposed 
bottleneck, the establishment of partially isolated populations could have led to the genetic 
structure observed in Aboriginal Australia today, due to the higher mutation rate of 
microsatellites than protein encoding loci. The higher mutation rate of microsatellites means 
that genetic diversity lost as the result of a bottleneck would be recovered more quickly at 
microsatellite loci than at protein encoding loci, explaining why Aboriginal Australian 
populations display proportionately more variation at microsatellite loci than at protein 
encoding loci, relative to other populations throughout the world. Based on the estimated 
mutation rate of microsatellites, a minimum date of 35,000 years ago was proposed for the 
timing of the bottleneck (Hailey. 1996).
5The results of investigation of genetic diversity in the mitochondrial genome in Aboriginal 
Australian populations appear to lend support to the proposed model of a bottleneck followed 
by the establishment of partially isolated populations (Easteal, pers. comm.). A star-burst 
pattern of genetic variation is seen in the mitochondrial genome in Aboriginal populations 
which is consistent with the expected pattern of genetic variation following a bottleneck.
High levels of genetic variation exist among the populations and different lineages are present 
within each population, consistent with partially isolation of populations. However, as 
support for the proposed model, the results from the mitochondrial genome are inconclusive. 
As mitochondrial DNA does not undergo recombination, it effectively behaves as a single 
locus. During population genetic studies it is desirable to look at more than one locus to 
avoid a sampling bias. Additionally, star shaped phytogenies like those seen in Australian 
populations have been observed in other regions of the world. While these reasons do not rule 
out a population bottleneck associated with Aboriginal Australian populations, the 
information obtained from the mitochondrial genome does not firmly support the proposed 
hypothesis.
To attempt to resolve some of the issues surrounding the population history of the Aboriginal 
Australian people, this study focussed on a different genetic marker system -  the Y 
chromosome.
61.3 The Y Chromosome as a Genetic Marker
The Y chromosome is the paternally inherited sex chromosome that determines maleness and 
is hemizygous in humans. The Y chromosome contains a non-recombining region, the Y- 
specific region, and pseudoautosomal regions at the telomeric ends of each chromosome arm 
which undergo meiotic recombination with the X chromosome. The Y-specific region of the 
Y chromosome comprises the largest set of linked loci in the human genome. This region is 
inherited as a haplotype -  a set of completely linked loci. Strict paternal inheritance of the Y- 
specific region, hereafter referred to simply as the Y chromosome, means that markers along 
this region can be utilised to study male migration patterns, in a manner complementary to 
that of mitochondrial DNA, which is inherited through the female line. The haplotype mode 
of inheritance of the Y chromosome allows reconstruction of genealogies through direct 
comparison of haplotypes.
initial attempts to identify restriction fragment length polymorphisms (RFLPs) on the Y 
chromosomes revealed the Y chromosome to have a low level of genetic diversity in 
comparison to autosomes (Jakubiczka et al, 1989;Malaspina et al, 1990). A variety of reasons 
were proposed to explain the apparent low level of polymorphisms on the Y chromosome. 
(Jobling and Tyler-Smith, 1995). On average, the Y chromosome is present in a population in 
only one copy for every three copies of the X chromosome and every four copies of each 
autosome. Consequently, in the absence of other factors such as selection and differential 
mutation rates, diversity among Y chromosomes would be expected to be approximately 
three-fold lower than diversity among X chromosome and four-fold lower than diversity 
among autosomes. Yet as the Y chromosome passes only through male gametogenesis, and as 
a greater number of cell divisions occur during the production of sperm than of eggs, it could 
also be argued that there is greater opportunity for mutations to accumulate on the Y 
chromosome. Lower levels of diversity on the Y chromosome could also result from 
selection, as selection operating at a Y-specific locus would Effect all Y-specific loci and 
could lead to reduction of diversity on the Y chromosome. High reproductive success of a 
relatively small number of males could have the same homogenising effect.
The search for Y-specific polymorphisms has recently yielded numerous PCR-based markers. 
These markers include microsatellites, which are considered to display levels of 
polymorphism equivalent to autosomal micro satellites (Roewer et al, 1992), an Alu insertion 
known as the YAP element (Hammer, 1994), and a range of biallelic polymorphisms
7identified by denaturing high-performance liquid chromatography (Underhill et al. 1997). Y- 
specific markers have been utilised in a variety of human population genetic studies, from 
comparisons of the relationships among closely related human groups (Caglia et al. 1997; 
Hammer and Horai, 1995; Muller et al. 1994; Roewer et al. 1996), to tracing of the ancestor 
of human Y chromosomes (Hammer, 1995) and determination of the global distribution of 
human Y chromosome variation (Hammer et al. 1997; Hammer et al. 1998).
Microsatellites, which are also known as short tandem repeats, consist of multiple copies of a 
repeated sequence motif of up to six base pairs. Microsatellites tend to display high rates of 
mutation (Weber and Wong, 1993), thereby rendering them informative for genetic 
comparisons among closely related populations, as microsatellite loci are more likely to 
display higher levels o f polymorphisms among closely related populations than are markers 
with lower mutation rates.
Mutation at microsatellite loci tends to be step-wise, involving the gain of loss of a single 
repeat unit at a time, and less frequently involving multiple repeats (Weber and Wong, 1993). 
Mutation of micro satellites does not conform to the infinite alleles model, leather the state of a 
new allele depends on that of the mutating allele and information concerning the state o f the 
ancestral allele is present in the resultant allele (Slatkin, 1995). Consequently, convergent 
mutational events are highly probable; individuals can share identical alleles at a locus by 
mutation, not by descent. On the Y chromosome entire haplotypes, constructed from alleles at 
a set o f microsatellite loci, can be identical due to convergent mutation. Y-specific markers 
that tend to possess lower mutation rates than microsatellites or that are likely to have only 
arisen once, such as restriction fragment length polymorphisms (RFLPs), the YAP insertion 
and biallelic point mutations, are useful f6r resolution of Y chromosome haplotypes based on 
microsatellites. This enables identification o f microsatellite haplotypes that are more likely to 
be identical by convergence rather than descent (Deka et al. 1996; Cooper et al. 1996).
The potentially convergent nature of mutational events is important to consider when using 
microsatellite markers for population genetic studies. In spite of this limitation, the 
completely linked nature of Y-specific markers can also be useful, for example by allowing 
elucidation of relationships among males, and by allowing male migration patterns to be 
traced (Hammer et al. 1997). Also, as multilocus studies average the evolutionary history o f 
different markers they may mask important variation that can be detected from single 
genomic regions (Goldstein et al. 1996).
81.4 Aims of the Project
The goal of this study is to contribute to our understanding of the evolutionary history of 
Aboriginal Australians through an investigation of genetic diversity on the Y chromosome. 
Specifically, this project aims:
1. To determine the extent and distribution of genetic diversity at selected loci on the Y 
chromosome in Aboriginal Australians.
2. To construct a phylogeny of Aboriginal Australian males based on Y chromosome 
haplotypes.
3. To determine whether the pattem of genetic variation on the Y chromosome in Aboriginal 
Australians is consistent with hypotheses proposed to explain the pattern of genetic variation 
revealed by other genetic markers, including the mitochondrial genome and autosomal 
microsatellites.
4. To include linguistic, archaeological and paleoanthropological evidence regarding the 
history of Aboriginal Australians in interpreting the findings of this study.
Chapter 2 
Materials and Methods
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2.1 Aboriginal Australian DNA Samples
2.1.1 Sample Collections
This study formed part of an ongoing project investigating the genetics of Aboriginal 
Australian populations. Blood samples from Aboriginal Australians were collected between 
1968 and 1977 from mission stations and communities throughout Australia.
Samples from the Western Desert region were collected at Cundelee in 1972 by the 
Department of Haematology at Royal Perth Hospital. Samples from the Northern Territory 
were collected from the settlements of Roper River, Bamyili, Hermansburg, Aileron, Maryvale 
and Areyonga in 1968 by the former Commonwealth Department of Health in Darwin. 
Consent to genetic analysis was given to R. Kirk, formerly of the John Curtin School of 
Medical Research, Australian National University. Samples from the Kimberely region and 
consent to genetic analysis were obtained in 1977 by M. Blake, fro me rly of the John Curtin 
School of Medical Research, Australian National University, and R. Spargo, of Community 
Health Services, Derby.
This study was carried out in accordance with ethical protocols established within the Human 
Genetics Group.
2.1.2 Selection of Samples for this Study
Samples for use in this study were selected from the original collections and comprise four 
populations from Western Australia and the Northern Territory (Fig. 2.1). As each collection 
was obtained from individuals from a geographically broad area, now living in mission stations 
and settlements, the four populations are better defined as geographical regions. Individuals 
were assigned to each region on the basis of where their sample was collected. Tribal 
affiliations and birth places, where recorded, were used to eliminate individuals from outside 
these regions.
Samples were selected to minimise the inclusion of paternally related males, either by not 
selecting more than one male with a given surname or by excluding relatives, where this 
information was available.
2.1.3 DNA Extraction
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A subset of the DNA samples used in this study was extracted during previous studies. The 
remainder of the DNA samples were extracted from the red cell fraction of whole blood using 
the QIAamp Blood Kit (QIAGEN) according to the product protocol.
2.2 Y Chromosome Markers 
2.2.1 Selection of Markers
Seven microsatellite markers on the non-recombining region of the Y chromosome were 
selected from the Genome DataBase (http://www.ncbi.nlm.nih.gov/) and published studies 
(Table 2.1; Jobling and Tyler-Smith, 1995; Roewer et al 1996). The marker DYS389 is 
specific to two regions on the Y chromosome, yielding products that differ by approximately 
100 bp. Only the smaller allele, designated DYS389a was used in this study due to 
inconsistent amplification of the larger allele (this can be observed in Figure 2.3).
An Alu insertion on the Y chromosome known as the YAP element was also included in the 
study (Table 2.1; Hammer, 1994).
2.2.2 PCR Primers
The 5’ nucleotide of one oligonucleotide of each pair of PCR primers was labelled with one of 
the fluorescent phosphoramidites 6-FAM, HEX and TET (Table 2.1) to enable allele sizing by 
automated fluorescence detection of the PCR products using the ABI 377 GeneScan system 
(Perkin Elmer Applied Biosystems). The use of different coloured labels allowed multiplexing 
of products from primer sets labelled with different dyes during electrophoresis. Primers to 
amplify the region of the YAP insertion on the Y chromosome were unlabelled. Purified 
oligonucleotides were obtained from GENSET KK (Kyoto, Japan) and diluted to 5 (lM with
water.
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2.2.3 PCR Optimisation and Conditions
PCR conditions for each set of primers were optimised by annealing temperature gradient trials 
on a PC-960G Gradient Thermal Cycler (Corbett Research).
Final reaction conditions were as follows: 75 ng genomic DNA. IX Buffer IV (Advanced 
Biotechnologies Formula: 20 mM (NHrfzSCf, 75 mM Tris-HCl pH 8.8, and 0.01 % (w/v) 
Tween, final volumes) 1.5 mM MgCF, 2 mM of each dNTP. 0.1 -  0.3 pM primer (Table 2.3), 
and 0.5 units of Taq DNA Polymerase (Advanced Biotechnologies), to a final volume of 20pL 
with ddH20 . Cycles of amplification involved initial denaturing at 94°C for 5 min, followed by 
35 cycles of denaturing at 94°C for 30 - 60s, annealing at 5 1°C and 58°C for 30 - 60s and 
extension at 72°C for 60s (see Table 2.2 for variable cycling conditions specific to each 
marker).
During the optimisation of PCR conditions, amplification of female controls, especially at 
reduced annealing temperatures, was observed for each of the seven Y  chromosome 
microsatellite markers. It is likely that these non-specific amplifications were due to PCR 
primers binding to homologous regions of the X  chromosome. As a consequence of this, it 
was necessary to alter the PCR conditions to a point at which amplification of female samples 
no longer occurred. This was generally achieved by increasing annealing temperatures, and 
decreasing primer concentrations and annealing times. This resulted in more stringent PCR 
conditions and led to a decrease in sample size.
2.2.4 Marker Verification by Sequencing
The PCR product of each microsatellite marker was sequenced to confirm the identity of the 
amplified product. PCR products were purified and sequenced by the dideoxy chain 
terminator method. Sequencing reactions were performed on an FTS-1 Thermal Sequencer 
(Corbett Research) and purified by ethanol precipitation. Automated sequence detection was 
performed on an ABI PRISM 377 DNA Sequencer (Perkin Elmer Applied Biosystems). 
Sequence data (Figure 2.2) were viewed and interpreted in the program DNA Sequence Editor 
(Applied Biosystems Inc.) and the identity of each marker confirmed by comparison with the 
published sequence.
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The sequences of the PCR product of each microsatellite marker together with the published 
sequence are given in Appendix A. 1 to A.7. Presumably due to the nature of the repeat 
sequences, each marker could be sequenced well in one direction only. Whilst the accuracy of 
each sequence is not high, the results were satisfactory for the purpose of confirming the 
identity of each marker.
2.3 Genetic Screening
2.3.1 Avoidance of Contamination
PCR reactions were prepared in a PCR hood using aerosol resistant pipette tips and pipettes 
designated for PCR preparation. Prior to addition of template DNA, the reaction mixes were 
irradiated with UV light at 254nm for 5 minutes, to destroy any double stranded DNA 
contaminants (Sarkar and Sommer, 1990). A negative control containing all reagents except 
DNA was included with all PCR reactions, and reactions were discarded when any 
amplification of the negative control occurred.
2.3.2 Agarose Gel Electrophoresis
PCR amplifications were verified by agarose gel electrophoresis. 4 pL of PCR product mixed 
with 1 pL of loading buffer was electrophoresed on 2% agarose gels in TAE at 120 V for 15 
minutes. Agarose gels were stained with ethidium bromide and the amplified product viewed 
on a light box (254nm). The negative (no DNA) control was checked at this stage to confirm 
contamination free reactions. YAP status was screened by comparing the size of amplified 
products to a DNA ladder (X/Hind III and (ju/Hae III).
2.3.3 GeneScan Analysis
PCR products were sized using the ABI PRISM 377 GeneScan system. PCR products were 
diluted in water by approximately 1 in 10, the products of markers to be multiplexed were 
combined and the samples evaporated overnight at room temperature or in a vacuum 
centrifuge. Each sample was then combined with 0.5 pL of fluorescently labelled internal size
Standard (TAMRA 500), 0.5 |aL of loading dye and 1.5 |aL of formamide. Samples were 
denatured by boiling for 2 minutes, cooled on ice prior to loading, and electrophoresed on 
4.25% acrylamide gels using the ABI PRISM 377 DNA Sequencer.
PCR products were sized using the ABI PRISM GeneScan Analysis Software (Version 2.1, 
Perkin Elmer Applied Biosystems; Figures 2.3 and 2.4). Control samples were included in 
each GeneScan run to ensure consistent size calling. Allele sizes were allocated by a binning 
procedure in which alleles within a certain size range (usually within 1.5 bp) were grouped 
together. Allelic ladders, which have enabled consistent allele size designation of Y-specific 
micro satellites between research laboratories (deKnijff pers. comm), were not able to be 
obtained in time to include them in this study. Consequently, direct comparisons of allele 
frequencies with published studies were not possible.
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2.3.4 Screening Results
A complete list of Aboriginal Australian individuals screened for the YAP insertion on the Y 
chromosome and typed at each of the seven microsatellite markers on the Y chromosome is 
presented in Appendix A.8. Haplotypes were constructed for each individual based on the 
combination of alleles at each of the seven micro satellite loci. Samples which were not able to 
be typed at all eight loci were excluded as complete results were required for analysis based on 
haplotypes. In combination with the rigorous PCR conditions required due to non-specific 
amplification of regions presumed to be on the X chromosome by the primer sets designed to 
amplify micro satellites on the Y chromosome, this led to a decrease in sample size.
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2.4 Data Analysis 
2.4.1 New Guinea Data
The results of individuals from three indigenous populations in Papua New Guinea, typed with 
the same markers as the Australian populations, were obtained and included in aspects of data 
analysis for the purpose of comparison of levels of genetic diversity, with permission from 
Nerida Harley (Human Genetics Group, John Curtin School of Medical Research, Australian 
National University).
2.4.2 Statistical Analysis
Data were analysed using the population genetic data analysis program, Arlequin 
([http://anthropologie.unige.ch/arlequin] Schneider et al. 1997). These analyses included 
standard measures of genetic diversity and inference of population genetic structure by analysis 
of molecular variance (AMOVA) and population pairwise genetic distances.
2.4.2.1 Haplotype Diversity
Haplotype diversity is defined as the probability that two haplotypes that are randomly selected 
from the sample are different (Nei, 1987, p. 180). Haplotype diversity (H) and its sampling 
variance V(H) are defined by the equations below, where n is the number of individuals in the 
sample, k is the number of haplotypes and p t is the frequency of the i-th haplotype.
2A2.2 Genetic Structure Analysis
Similarity (dxy) between microsatellite haplotypes {x and y) was estimated by two different 
methods. The first method counts the number of different alleles between two haplotypes:
where 5^ is equal to 1 when the alleles of the z'-th locus are identical between two 
haplotypes and equal to 0 when they are different.
This is equivalent to estimating weighted FST statistics over all loci (Weir and Cockerham, 
1994; Michalakis and Excoffier, 1996).
The second similarity method is based on the sum of the squared number of repeat unit 
differences between two haplotypes:
where ax; is the number of repeats present at the z'-th locus.
This is an analogue of RST (Slatkin, 1995).
In contrast to the first similarity method, this method takes into account the stepwise nature of 
microsatellite mutation -  that two individuals that vary at a particular locus by one repeat unit 
only are likely to be more closely related than two individuals that vary at that locus by more 
than one repeat unit. The first distance method does not take into account the number of 
repeat unit differences between two alleles, merely whether they are the same or different.
Both of the above distance methods were applied to Analysis of Molecular' Variance 
(AMOVA, Excoffier et al. 1992) and to analysis of population pairwise genetic distances.
Separate and pooled AMOVAs were carried out for Australian and New Guinea populations. 
This analysis is akin to classical Analysis of Variance and defines the proportion of molecular 
variance attributable to differences among haplotypes within populations, differences among 
haplotypes among populations, and differences among haplotypes among groups of 
populations (ie. between the Australian and New Guinea populations). AMOVA tests the 
significance of these population differentiation estimates by randomly permuting whole
L
L
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haplotypes (Michalaki: and Excoffier, 1996). This assumes complete linkage among the loci 
comprising the haplotpe, which is appropriate for Y-specific microsatellites.
2.4.3 Haplotype Netvork Construction
For the purpose of deermining phylogenetic relationships among haplotypes, a minimum 
spanning network of haplotypes for Aboriginal Australian populations was constructed using a 
variation of a techniqie described by Bandelt et ai. (1995), Cooper et al. (1996) and Deka et 
al. (1996). The netwcrks were constructed by initially aligning all haplotypes according to 
their combined allele bngths (the sum of alleles at each locus). Haplotypes that vary at one 
locus only were connected to each other, with the resultant cluster of haplotypes referred to as 
a network. Haplotypes which remained unconnected to any other haplotypes after this step 
were then connected o one another and to the network by considering variation at two loci.
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Table 2.2 PCR conditions for the eight markers used in this study
Marker Primer concentration 
(laM)
Annealing temperature
(°C)
Denaturing and annealing 
times (s)
DYS388 0.250 54 30
DYS389 0.300 51 45
DYS390 0.100 58 30
DYS391 0.100 58 30
DYS392 0.150 54 30
DYS393 0.125 56 30
DYS394 0.200 51 30
DYS287 0.125 51 60
||7<aro
0$
Kimberley Top End
Western Desert Central Desert
Figure 2.1 Aboriginal Australian populations included in this study
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Figure 2.3 GeneScan gel display showing twenty-five Aboriginal Australian individuals typed 
at the Y-specific microsatellite loci DYS389 (blue bands) and DYS391 (green bands). Internal 
size standard is also displayed (red bands).
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3.1 Standard Diversity Indices
A summary of standard diversity measures based on the seven Y-specific microsatellite loci 
included in this study is presented in Table 3.1. In the total sample pool, polymorphism was 
observed at each of the seven loci. Among the Aboriginal Australian populations, all seven 
loci are polymorphic in three of the four populations, with the exception being the Kimberley 
population in which polymorphism was observed at only four loci. This may be due to the 
small sample size of this population, although all loci were polymorphic in the Western 
Desert population, which also has a relatively small sample size. In the Karimui, Jimi and 
Sepik populations of New Guinea, polymorphism was observed at seven, six and two of the 
loci, respectively.
Haplotype diversity in each population is also presented in Table 3.1. Despite the larger 
sample sizes of the New Guinea populations, lower levels of haplotype diversity are observed 
across these three populations than in the Aboriginal Australian populations. While the 
haplotype diversity levels of the Aboriginal Australian populations and the Karimui 
population of New Guinea are 0.9 or higher, that of the Sepik population of New Guinea is 
0.05, with only two different haplotypes present among the 39 individuals sampled. These 
two haplotypes differ at a single locus only, by one repeat unit. Haplotype diversity in the 
Jimi population of New Guinea is 0.73, intermediate with respect to the other six populations. 
Haplotype diversity in the Kimberley population is slightly lower than in the three other 
Australian populations.
The YAP insertion on the Y chromosome was not found among any individuals screened from 
Australia and New Guinea. Between four and nine alleles were observed at each of the seven 
microsatellite loci among the two regions. Allele frequencies at each of these loci are shown 
in Table 3.2. The most common allele observed at each locus in each population is indicated 
in bold type. At locus DYS391 the most common allele is shared across all populations, 
while at loci DYS389 and DYS394 there are two most common alleles among the populations 
and jn at both loci these two alleles are separated by only one repeat unit. At the remaining 
four loci the most common allele varies more widely among the populations. Among the four 
Australian populations the most common alleles define the haplotypes 2,4,3,4,5,3,3 and 
3,4,3,4,5,3,3 (alleles are in locus order from DYS388 to DYS394). The most common 
haplotype among the Australian populations (see Figure 2.3) is the latter of these 
(3,4,3,4,5,3,3). Based on the frequencies of the alleles comprising this haplotype, pooled
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across the Australian populations, this haplotype would be expected to be present in around 
two percent of individuals yet was observed in twelve percent of the individuals sampled.
The non-random association of these markers on the Y chromosome gives rise to this.
Absent alleles, defined as alleles within the observed allele size range at a locus that were not 
detected among the seven populations, include allele 5 at locus DYS388 and allele 4 at 
locusDYS392. These alleles may not have been sampled or may not occur among the 
populations sampled due to genetic drift. The missing alleles may also represent mutations 
that involved the gain or loss of more than one repeat unit.
3.2 Genetic Structure Analysis
3.2.1 Analysis of Molecular Variance (AMOVA)
The two measures of haplotype similarity that were used to calculate the proportion of genetic 
variation attributable to differences within populations and that attributable to differences 
among populations yielded different results (Tables 3.3 and 3.4). For example, in the 
Aboriginal Australian populations the first similarity method (FST) indicates that 81 percent 
of the variation among individuals is due to within population level variation, while the 
alternate method (RST) suggests that this value is only 60 percent (Table 3.3).
Among the Aboriginal Australian populations, the majority of genetic variation among 
individuals is due to variation within populations (Table 3.3). In contrast to this, the majority 
of variation among individuals of the three New Guinea populations is due to differences 
among the populations (Table 3.4). When the populations from New Guinea and Australia 
were pooled, both distance methods indicated that virtually none of the variation among 
individuals is due to differences between the two groups. A negative value is present in Table 
3.5 because negative variance components can occur by chance in the absence of genetic 
structure (Schneider et al. 1997).
3.2.2 Population Pairwise Genetic Distances
Pairwise distance measures between Australian populations revealed no significant difference 
between the Central Desert and Top End populations, indicating that individuals from these
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two regions probably don’t represent two distinct populations, at least with respect to the Y 
chromosome. All other pairwise distance measures were significant (Tables 3.6 and 3.7). A 
neighbour joining tree based on the distance measures reported in Table 3.7, which take into 
account the stepwise mutation model, is presented in Figure 3.1. This shows the Kimberley 
population to be the most genetically distant population.
3.3 Network of Y Chromosome Haplotypes
A minimum spanning network of Y chromosome haplotypes is shown in Figure 3.2. The 
majority of connections between haplotypes represent single step differences, ie. haplotypes 
that differ by one repeat unit at one locus (solid line connections) or by one repeat unit at each 
of two loci (dashed line connections). Haplotypes that vary by more than one repeat unit are 
indicated by the placement of one or more black circles along the line connecting them. Each 
of these circles represents an additional repeat unit difference between the two haplotypes and 
can be considered to represent a potential unsampled or extinct haplotype, or the occurrence 
of a mutation involving the gain or loss of more than one repeat unit. To simplify the 
network, only the connections between haplotypes involving the minimum number of 
differences are made. Multiple connections are made between haplotypes when each of these 
imply the same number of differences. If a haplotype was able to be connected into the 
network by a difference at one locus, none of the possible two locus connections are shown 
and similarly, haplotypes were connected by the minimum number of repeat unit differences 
only. The assumptions were made that single locus changes are more likely than two locus 
changes and that single repeat unit changes are more likely than double or triple repeat unit 
changes.
Two major haplotype clusters are evident in this network, the first consisting of 44 individuals 
and the second of 27 individuals. All individuals in the first cluster differ from all individuals 
in the second cluster at a minimum of three loci (DYS388, DYS390 and DYS392). Nine 
other individuals form three separate clusters consisting of one, three and five individuals. 
This yields a total of five distinct clusters, or lineages, among the Aboriginal Australian males 
sampled.
The network is characterised by a lack of complete geographic clustering of haplotypes in 
Aboriginal Australian populations, with the exception being that individuals from the
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Kimberley region occur in only one cluster. Sharing of haplotypes among regions is 
common, with the most common haplotype present in ten individuals from all four regions. 
Some localised clustering of individuals from the same region occurs throughout the network, 
with five individuals from the Central Desert region forming a distinct and unconnected 
cluster and an individual from the Western Desert differs from all other individuals by a 
minimum of 3 loci.
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Table 3.2 Allele frequency distribution by population
Population
Locus
Allele
Size
(bp)
Top End Central
Desert
Western
Desert
Kimberley Karim ui Jimi Sepik
DYS388
1 125 0.06 0.41
2 128 0.32 0.58 0.67 0.44 1.00
3 131 0.64 0.38 0.17 1.00 0.11
4 134 0.04 0.04 0.11 0.04
5 137
6 140 1.00
DYS389
2 249 0.04 0.25 0.11 0.04 0.14
3 253 0.36 0.33 0.39 0.27 0.56 0.86
4 257 0.56 0.42 0.50 0.73 0.41 1.00
5 261 0.04
DYS390
3 198 0.36 0.33 0.06 1.00
4 202 0.12 1.00
5 206 0.04 0.04
6 210 0.08 0.08 0.1 1
7 214 0.20 0.21 0.06 0.41
8 218 0.04 0.08 0.17 0.15 0.17
9 222 0.16 0.29 0.67 0.30 0.83
10 226 0.06
DYS391
2 277 0.21
3 281 0.04 0.08 0.04
4 285 0.80 0.58 0.83 0.60 0.63 0.93 0.97
5 289 0.16 0.13 0.11 0.27 0.30 0.07 0.03
6 293 0.06 0.13 0.04
Table 3.2 (Continued)
Population
Locus
Allele
Size
(bp)
Top End Central
Desert
Western
Desert
Kimberley Karim ui Jimi Sepik
DYS392
2 242 0.07
3 245 0.04
4 248
5 251 0.64 0.42 0.28 0.93 0.04 1.00
6 254 0.21 0.04
7 257 0.32 0.38 0.72 0.37 0.90
8 260 0.41 0.10
9 263 0.04
10 266 0.07
11 269 0.04
DYS393
2 120 0.24 0.25 0.94
3 124 0.68 0.71 0.06 1.00 0.63 0.10
4 128 0.08 0.04 0.11 0.10 1.00
5 132 0.26 0.31
6 136 0.48
DYS394
2 248 0.20 0.08 0.17 0.41
3 252 0.48 0.71 0.44 0.87 0.33 0.86 1.00
4 256 0.24 0.21 0.11 0.13 0.26 0.14
5 260 0.08 0.28
Table 3.3 AMOVA design and results for Australian populations
Source of 
variation df 
Among 
populations
Within
populations
Percentage of variation 
Distance method 
FST RST
19.0* 40.0*
81.0* 60.0*
*significant at P < 0.001
Table 3.4 AMOVA design and results for New Guinea populations
Percentage of variation 
Source of Distance method
variation df______ FST_________RST
Am0ng 2 63.2* 88.7*
populations
Within
populations
36.8* 11.3*
*significant at P < 0.001
Table 3.5 AMOVA design and results for Australian and New Guinea populations
Percentage of variation
Distance method
Source of variation df FST RST
Among groups 1 1.4 -7.9
Among populations 5 43.2* 76.5*
within groups
Within populations 170 55.5* 31.4*
*significant at P < 0.001
Table 3.6 Matrix of population pairwise FSTs for Australian and New Guinea populations. 
Similarity method: number of different alleles (FST)
Top End Central
Desert
Western
Desert
Central Desert 0.021
Western Desert 0.186 0.150
Kimberley 0:154 0.230 0.527
Values in shaded cells are significant at P < 0.05 (100 permutations)
Table 3.7 Matrix of population pairwise FSTs for Australian and New Guinean populations. 
Similarity method: sum of squared size difference (RST)
Top End Central
Desert
Western
Desert
Central Desert 0.034
Western Desert 0.410 0.251
Kimberley 0.335 0.490 0.814
Values in shaded cells are significant at P < 0.05 (100 permutations)
öd tnd
Central Dese r*
estern Dese
Figure 3.1 Neighbour joining tree of Aboriginal Australian populations based on genetic 
distances reported in Table 3.7
Figure 3.2 Minimum spanning network of Y chromosome haplotypes for Aboriginal 
Australian populations. Individuals are represented by coloured circles, with the numbers 
inside the circles corresponding to the sample numbers given in Appendix A.8. Grouped 
individuals share identical haplotypes. Haplotypes that vary at one locus only are connected 
by solid lines, those that vary at two loci are connected by dashed lines. Haplotypes that vary 
by more than one repeat unit per locus are indicated by black circles along the line connecting 
them, with each black circle representing the number of additional repeat units between the 
observed haplotypes.
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4.1 Limitations of the Data
When attempting to infer the evolutionary history of human populations from genetic studies, 
it is important to be aware of the limitations of the genetic marker systems used and the data 
that are obtained from them.
The PCR-based method used in this study to type individuals at each of the Y-specific 
microsatellite loci yielded the possibility of not detecting several types of genetic variation 
that may exist. These include imperfect repeats (insertions or deletions of fewer or greater 
nucleotides than the repeat unit within the repeat sequence), undetected point mutations 
within the repeat sequence, and insertions or deletions upstream or downstream of the repeat 
sequence yet within the region amplified by the PCR primers. These possibilities could have 
led to underestimation of the number of alleles present among the individuals sampled and to 
assignment of identical allele status to individuals with different alleles. However, complete 
resolution of all the variation that may be present is not necessary for population genetic 
analysis.
In order to be able to infer aspects of population history from genetic studies, multilocus- 
based studies are preferable. Studies that include multiple loci are more likely to avoid the 
possible chance effects that can arise from observation of a small set of loci, the distribution 
of which may have been distorted by factors such as selection and random genetic drift. As 
previously mentioned the non-recombining region of the Y chromosome effectively behaves 
as a single locus, with genetic markers specific to this region in complete linkage 
disequilibrium. This effect means that markers on the Ychromosome should be considered in 
concert with other loci, to avoid making biased estimates regarding human population 
histories and evolutionary relationships among human populations.
Natural selection acting on the Ychromosome is a further potential problem when using Y-
specific markers as evidence of human population history. There are a number of genes on
the non-recombining region of the Y chromosome, some of which have X homologues and
e  ...
others that are expressed in the testis (Lahn and Page, 1997). While the Y-specific
microsatellite markers used in this study are probably selectively neutral, it is quite possible
that their distribution has been influenced by the action of selection at other linked loci. As
selection can influence the distribution of genetic markers between populations and confound
their apparent relationships it is important to keep this in mind when basing population 
genetic studies on Y-specific markers.
Bearing these limitations in mind, markers on the Y chromosome are useful for population 
genetic studies.
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4.2 An Appropriate Measure of the Similarity of Microsatellite Haplotypes
Understanding of the mutational processes of microsatellites is necessary to develop suitable 
genetic distance measures (Di Rienzo et al. 1994). The two methods used in this study to 
estimate the similarity between pairs of microsatellite haplotypes that were employed in 
analysis of molecular variance and determination of population pairwise genetic distances are 
based on different models of mutational processes. The first measure, which is based on the 
number of different alleles between two haplotypes, does not take into consideration the 
relationships among microsatellite alleles, rather it Ls based on the infinite alleles model 
(Kimura and Crow, 1964), which assumes that all new mutations are unique. Under this 
model all differences between alleles at a locus are considered equivalent, regardless of the 
number of repeat units that they involve.
However, this is not an appropriate assumption of the relationships among microsatellite 
alleles due to the partial stepwise nature of microsatellite mutation. Ohta and Kimura (1973) 
originally used the stepwise mutation model with reference to variation in electrophoretic 
mobility of proteins. Analysis of allelic variation at microsatellite loci has shown the 
distribution of alleles at these loci to be consistent with the stepwise model of mutation 
(Valdes et al. 1993), although the distribution of alleles does not fit this model perfectly 
(Goldstein et al. 1995a). Direct mutation studies in families and cancer patients have shown 
that microsatellite mutation primarily involves the gain or loss of one repeat unit at a time, 
although mutations involving multiple repeat changes also occur (Weber and Wong, 1993; Di 
Rienzo et al. 1998). Consequently, alleles at microsatellite loci contain within them memory 
of the allele that gave rise to them (Slatkin, 1995), and information concerning the amount of 
time since two different alleles shared a common ancestral allele (Goldstein et al. 1995b).
This implies that two alleles that vary by one repeat unit only are likely to be more closely 
related than two alleles that vary by more than one repeat unit. However, assuming mutations 
involving the gain or loss of a repeat unit are equally probable, then back mutations, or
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reversions to ancestral alleles, are likely to be widespread. Alleles at a given microsatellite 
locus may be identical by mutation, thus obscuring the phylogeny that they belong to. In the 
case of linked microsatellites on the Y chromosome, entire haplotypes may be identical by 
chance as a consequence of convergent mutation.
Given the partial stepwise nature of microsatellite mutations, the second measure of similarity 
between microsatellite haplotypes used in this study may be more appropriate. This measure, 
which counts the sum of the squared number of repeat unit differences between two 
microsatellite haplotypes, takes into consideration the likelihood that two microsatellite alleles 
that vary by one repeat unit are more closely related than two alleles that vary by two or more 
repeat units. Due to the occurrence of multi-step mutations and the possibility of convergent 
mutations discussed above, this is not always going to be an accurate assumption. Despite 
this limitation, the stepwise mutation model is more appropriate to microsatellites than the 
infinite alleles model (Goldstein et al. 1995a). However there is some indication that to infer 
genetic relationships among human populations, measures based on the infinite alleles model 
may be superior to measures based on the stepwise mutation (Goldstein et al. 1995b; Di 
Rienzo et al. 1998).
The statistical tests performed on the data obtained in this study (Tables 3.3 to 3.7) show 
some differences between estimates using the two different methods to determine similarity 
between pairs of microsatellite haplotypes, yet the findings based on both measures are 
consistent.
4.3 The Genetic Structure of Aboriginal Australian Populations as Revealed by 
Microsatellite Markers Specific to the Y Chromosome
Among Aboriginal Australian populations, the greater proportion of genetic variation among 
individuals was found to be due to within population effects. The opposite was found to be 
the case among New Guinea individuals, with most of the genetic variation attributable to 
differences among populations. This observation is largely due to haplotype sharing among 
the Australian populations (Figure 3.2), as no haplotypes were shared among the New Guinea 
populations (data not shown). This may reflect a higher level of gene flow caused by male 
migration among the Australian populations and a higher degree of isolation among the three 
New Guinea populations sampled. Higher levels of gene tlow among Australian populations
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may be due to movements of Aboriginal males in recent times due to disruption of population 
structure following European settlement in Australia.
Compared to Papua New Guinea populations, Aboriginal Australian populations possess 
relatively higi levels of genetic polymorphism at microsatellite loci on the Y chromosome and 
high levels ol haplotype diversity. The Kimberley population was the least polymorphic of 
the Aboriginal Australian populations and showed the lowest level of haplotype diversity.
The low diversity levels seen in the Kimberley may be a reflection of its small sample size, or 
may have resalted from factors such as selection and genetic drift.
No significant difference between the Central Desert and Top End regions exists, as revealed 
by populatior pairwise genetic distance measures. This indicates that males of these regions 
probably do rot belong to two distinct populations. High levels of gene flow between the two 
regions as a result of movement of males may be the cause of this similarity. Whether this is 
likely to be tie result of population movements since European settlement is unknown. 
However, is can be observed in Figure 3.2, there is more haplotype sharing between the Top 
End and Kimierley regions than between the Top End and Central Desert regions, in contrast 
to would bt expected if individuals of the Central Desert and Top End do indeed belong to 
one population. Pairwise genetic distance measures showed the Kimberley population to be 
the most distent, which may reflect that this region is relatively isolated from the other 
regions, afhough haplotypes are shared between the Kimberley and other regions.
Linguistic classifications group Aboriginal Australian languages into twenty-five families 
(Wurm and Hattory, 1983). Twenty-four of these language families are clustered in the Top 
End regior of Australia, while languages of the remaining family, Pama-Nyungan, are spoken 
throughout the rest of the continent. If genetic relationships among populations paralleled 
linguistic relationships, the Top End population could be the most distantly related 
population However, as discussed above genetic distance measures among Australian 
population; based on Y-specific microsatellites indicate the Kimberley population to be the 
most genetically distant and the Top End and Central Desert populations to be the most 
closely related. In contrast to this, genetic distances based on autosomal microsatellites 
showed the Top End and Western Desert populations to be the most closely related 
population; (Kimberley population not included; Hailey et al. 1996). These differences may 
be due to cifferences in the migration patterns of men and women among the different 
regions, wth the Y chromosome representing male migrations and the autosomes representing
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an average of nale and female migrations. Both studies are inconsistent with the 
relationships predicted by linguistic affiliations among the populations.
That the YAP insertion on the Y chromosome was not present in any of the Australian or New 
Guinea individials is consistent with the findings of previous studies (Hammer et al. 1997).
As the YAP insertion is likely to have a single origin (Hammer, 1994), it can be useful for 
refining the relationships among Y-specific microsatellite haplotypes (Cooper et al. 1996).
For example, wien identical microsatellite haplotypes occur both with and without the YAP 
insertion, this is most likely the result of convergent evolution at the microsatellite loci. In 
this study howe/er, the YAP could not be used to resolve the relationships among Y-specific 
microsatellite hiplotypes due to monomorphism at this locus. The findings of this study 
suggest that the presence of the YAP insertion on the Y chromosome in an Aboriginal 
Australian male most probably indicates non-Aboriginal ancestry through the paternal line. 
While the preseice of the YAP insertion is likely to be a reliable indicator of non-Aboriginal 
ancestry, the re\erse scenario, the absence of the YAP insertion, does not indicate Aboriginal 
ancestry as individuals of many populations throughout the world share this state (Hammer et 
al. 1997). Althcugh this marker has been useful in determining evolutionary relationships 
among populations on a global scale (Hammer et al. 1997; Hammer et al. 1998), it is unlikely 
to be informative in any future studies of Tchromosome variation among Aboriginal 
Australians.
The convergent nature of microsatellite mutation was apparent in the results of this study. 
Among the Australian and New Guinea populations, the most common allele at locus 
DYS391 is shared among all seven populations. It could be inferred that this results from 
close relationships among the populations, although at locus DYS392 the most common 
alleles are quite variable among the populations. The most common alleles at each Y-specific 
microsatellite lo;us could change among populations due to random genetic drift, or if linked 
to a region unde: the influence of selection, yet given the compete linkage of these loci, this 
suggests that some alleles have arisen more than once. Multiple origins of particular alleles at 
particular loci wire also evident among allelic associations at different loci. For example, 
both alleles 2 ani 3 of locus DYS388 were observed to each occur with both alleles 3 and 4 of 
locus DYS389a, indicating a double origin of at least one allele.
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4.4 A Phylogeny of Aboriginal Australian Males
Initial attempts to construct a tree of Aboriginal Australian males using parsimony as a 
criterion failed due to the large number of equally parsimonious trees. The method of 
construction of the haplotype network was developed from the framework of Bandelt et al. 
(1995) to construct median networks of mitochondrial DNA sequences and is similar to that 
used by Cooper et al. (1996) and Deka et al. (1996) for network analysis of Y-specific 
microsatellite haplotypes.
The distinct clusters present in the network of Aboriginal Australian males may be linked by 
intermediate haplotypes that were not sampled in this study. It is possible that only a subset 
of existing haplotypes has been sampled that may belong to larger or interconnected clusters. 
Alternatively, the different clusters may represent divergent lineages of Y chromosomes 
present among the four regions.
Individuals from the Kimberley region appeal' in only one cluster of the haplotype network. 
Again, this may be due to the small sample size from this region. Unidirectional migration of 
males from the Kimberley region to the Top End and Central and Western Deserts, bringing 
haplotypes to these three regions may also explain this observation.
Consensus haplotypes constructed from the most common allele at each Y-specific 
microsatellite locus may provide information as to possible ancestral haplotypes (Deka et al, 
1996). In this instance the most common alleles among the Aboriginal Australian populations 
form the most common haplotype. This haplotype may be common due to genetic drift, 
linkage to a selectively advantageous gene, or it may be ancestral to other haplotypes among 
the populations. That this haplotype was the only haplotype present in all four regions 
supports the possibility that it is an ancestral haplotype.
The majority of connections between haplotypes in the network of haplotypes based on 
Aboriginal Australian populations represent single repeat unit differences between alleles at 
either one or two loci as indicated (Figure 3.2). Those that do not may indicate the absence of 
a haplotype that exists in the population and was not sampled, or an extinct haplotype. They 
may also represent multi-step mutations at the microsatellite locus that separate the two 
haplotypes. Ten percent of the differences between haplotypes illustrated in the network
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involve steps of more than one repeat unit. This is consistent with the estimate of around ten 
percent as the proportion of microsatellite mutations that involve multiple repeat unit 
additions or subtractions from family studies (Weber and Wong, 1993). This suggests that the 
multiple repeat unit differences in the network may represent multiple step mutations, rather 
than unsampled or extinct haplotypes. This indicates that there may be only a small number 
of missing intermediate haplotypes within and between the five observed clusters and that 
these clusters may actually represent divergent lineages of Ychromosomes.
4.5 Future Approaches
The high level of haplotype diversity observed among the Aboriginal Australian populations 
suggests that many haplotypes may remain unsampled. Population samples sizes of at least 
thirty have been recommended due to high levels of haplotype diversity (Cooper et al. 1996). 
Although there is some indication from the network of haplotypes that there may not be a 
large number of unsampled haplotypes, a larger sample size would probably be more 
informative.
Several diallelic point mutations on the Ychromosome, identified by high performance liquid 
chromatography, have been found to occur among Aboriginal Australians (Underhill et al. 
1997). Assuming a single origin of each point mutation, these markers would be useful to 
construct more informative compound Ychromosome haplotypes and allow identification of 
microsatellite-based haplotypes that are identical by convergent mutation and not by descent. 
The publication of this information was too recent for these markers to be included in this 
study.
Determination of the genetic relationships among coastal and highland New Guinea 
populations and Aboriginal Australian populations has important implications for 
understanding the colonisation of Sahul. Analysis of Molecular Variance in this study 
showed Y-specific microsatellite variation among individuals of New Guinea and Australia to 
be due to effects within and among populations, not between the two regions. However, high 
within and among population variation is likely to be the cause of this (Charlesworth, 1998).
A full consideration of the relationships among New Guineans and Aboriginal Australians is 
beyond the scope of this study. The results of this study will be able to be incorporated into
future studies of the peopling of New Guinea and Australia, once typing of autosomal 
microsatellite variation in these two regions is complete (Harley, pers. comm.).
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4.6 The Evolutionary History of the Aboriginal People of Australia: A Synthesis
Genetic variation among Aboriginal Australian populations at autosomal microsatellite and 
protein encoding loci is consistent with the occurrence of a population bottleneck, possibly at 
the time of colonisation of Australia, followed by the establishment of partially isolated 
populations (Harley, 1996). Average heterozygosity at microsatellite loci in Australian 
populations was found to be equivalent to average heterozygosity in populations in Africa, 
Asia and Europe. In contrast to this, average heterozygosity at protein encoding loci and 
HLA loci among Australians is significantly lower than in populations in Africa, Asia and 
Europe and there are fewer alleles present among the Australian populations. At 
microsatellite loci, genetic distances and FST values among the Australian populations are 
relatively high compared to African and Asian populations, while at protein encoding loci 
genetic distances among Australian populations are relatively low. Under the proposed model 
of a population bottleneck, genetic diversity at microsatellite loci has recovered by mutation 
while at protein encoding loci diversity has not recovered, due to the higher mutation rate at 
micro satellite loci. High genetic distances among the Australian populations are consistent 
with the establishment of partially isolated populations subsequent to the population 
bottleneck.
The effect of a population bottleneck is reduction of genetic variation, as random sampling of 
individuals potentially eliminates many alleles, especially those that occur at low frequencies. 
Over time, the population size increases and new alleles accumulate within the population as 
the result of mutation. Variables include the size of the bottleneck, the rate of growth of the 
population and the mutation rate (Chakraborty and Nei, 1976).
Variation in the mitochondrial genome among Aboriginal Australian populations is consistent 
with the proposed model of a population bottleneck followed by the establishment of partially 
isolated populations (Easteal, pers. comm.). In Australian populations (the same populations 
as included in this study), networks based on mitochondrial DNA sequences show a star 
shaped branching pattern (Figure 4.1) and few sequences are shared among populations. A
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star shaped branching pattern Is the pattern of variation expected to be present in a population 
following reduction of genetic diversity, such as that caused by a bottleneck. New sequence 
variants are produced by mutation and in the network these radiate out from the ancestral 
sequence or sequences to form a star-like pattern. The small number of mitochondrial DNA 
sequences shired among Australian populations is consistent with isolation of the 
populations. Analysis of Molecular Variance reveals that most of the mitochondrial DNA 
sequence vacation among Aboriginal Australians results from variation among individuals 
within each population (Table 4.2).
In contrast tc the pattern of genetic variation in the mitochondrial genome, the network of Y- 
specific micnsatellites has a more branched pattern and haplotypes are shared among the 
populations. When compared to the pattern of mitochondrial DNA variation, the branching 
network of \chromosome haplotypes does not seem to be consistent with a population 
bottleneck. However, the star-like pattern of mitochondrial sequence variation may be due to 
the effects oi selection acting on the mitochondrial genome. Star-shaped mitochondrial DNA 
phytogenies tave been observed in populations throughout the world and are considered to be 
consistent wth a selective sweep at this locus (Wise et al. 1998), thus their presence in 
Aboriginal Australian populations is not diagnostic of a population bottleneck.
It is possible that the higher degree of sharing of Y chromosome haplotypes than of 
mitochondrial DNA sequences among Australian populations may have resulted from 
differences h  the migration patterns, or gene flow, of males and females. Migrations of 
males are represented by the Y chromosome and migrations of females by the mitochondrial 
genome. If males have moved between populations more than females have, this could 
explain why there is a higher degree of sharing of Y chromosome haplotypes than 
mitochondriil sequences between populations. This is not consistent with anthropological 
observations that it is the females who tend to move between groups during marriage 
(Birdsell, 1993), although males may undertake less frequent long-range migrations which 
could result in this observation.
A population bottleneck in the history of Finnish people is indicated by low diversity of Y 
chromosome haplotypes (based on two microsatellites and the YAP locus) and low diversity 
in the mitochondrial genome in the Finnish population, relative to surrounding European 
populations ind Sub-Saharan Africans (Sajantil et al. 1996). The occurrence of rare genetic 
diseases with greater frequency among Finns is also consistent with a bottleneck (Sajantil et
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al. 1996). To further investigate the possibility of a population bottleneck in the history of 
Aboriginal populations, allelic diversity levels across five Y-specific microsatellite loci were 
compared among Aboriginal Australians, New Guineans and populations of Europe, Asia, 
Africa and America (Table 4.1). Compared to these populations, allelic diversity among 
Aboriginal Australians is not low, as would be expected if Australians had experienced a 
reduction of genetic diversity as a consequence of a population bottleneck. Haplotype 
diversity levels among Australian populations were also higher than among New Guinea 
populations (Table 3.1). If a significant population bottleneck of Australian males had 
occurred then we would expect to see reduced allelic and haplotypic diversity among 
Australians today, unless the time of the bottleneck was ancient enough for allelic and 
haplotypic diversity to have been regenerated by mutation.
Analysis of mutations in the mitochondrial genome in the Finnish population suggested the 
bottleneck associated with this population to have occurred around 4,000 years ago, 
presumably associated with the arrival of agriculturalists in the area (Sajantila et al. 1996). 
Based on the estimated mutation rate of microsatellites of 5.6 x 10‘4 per locus per generation 
(Goldstein et al. 1995b) a minimum time for the bottleneck associated with Aboriginal 
Australians was calculated as 35, 000 years ago (Harley, 1996). This date reflects the 
estimated minimum time required for microsatellite diversity to recover by mutation. This 
estimate may not be correct for microsatellites on the Y chromosome, as the average muatition 
rate of Y-specific microsatellites may differ from autosomes, and diversity can be reduced at 
all loci if any Y-specific locus is influenced by selection. However it is likely that the 
suggested bottleneck of the ancestors of Aboriginal Australians occurred too far in the past for 
it to be detected by the pattern of genetic diversity on the Y chromosome. Thus, genetic 
diversity of microsatellite markers on the Y chromosome cannot confirm or refute the 
occurrence of a population bottleneck.
The oldest archaeological and paleoanthropological dates on the Australian continent suggest 
that humans had colonised Australia by 60, 000 years ago (Grün et al. 1998; Roberts et al. 
1990). Assuming that the population bottleneck proposed by Harley (1996) was associated 
with the colonisation of Australia, and given 35, 000 years as the minimum time required for 
recovery of autosomal microsatellite diversity, colonisation of Australia around 60, 000 years 
ago seems to be consistent. However, the people present in Australia at this time may not 
have been the ancestors of modem Aboriginal Australians, especially if there were multiple 
waves of migration into Australia (Birdsell, 1993). The populations in the Northern Territory
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and Western Australia today may be the descendants of later waves of immigrants. If this is 
correct then, depending on the time of their arrival, there may not have been a population 
bottleneck associated with the peopling of Australia by the ancestors of modern Aboriginal 
Australians. More recent colonisation of Australia, say within the last 35, 000 years, may not 
have left enough time for microsatellite diversity to have recovered by mutation if a 
population bottleneck occurred. As microsatellite diversity both on autosomes (Harley, 1996) 
and on the Y chromosome (this study) is high, this would indicate that the populations did not 
undergo a significant bottleneck. In this scenario, the low levels of genetic diversity at protein 
encoding and HLA loci may be due to other processes such as selection.
4.7 Summary and Conclusions
Genetic distance measures based on Y-specific microsatellite haplotypes indicate that the Top 
End and Central Desert may not be distinct populations. This is not supported by other 
studies or by the degree of haplotype sharing among these two regions.
The pattern of relationships among Aboriginal Australian populations as indicated by Y- 
specific microsatellite markers is different to that indicated by autosomal microsatellites.
Both patterns contrast with the pattern suggested by linguistic affiliations among the regions.
Aboriginal Australian populations have levels of allelic diversity at Y-specific microsatellite 
loci as high as populations in New Guinea, Africa, Asia and Europe, and higher levels of Y- 
specific microsatellite haplotype diversity than populations in New Guinea. This contrasts to 
what would be expected if Aboriginal Australians had been through a recent population 
bottleneck.
The branching pattern of the network of Y-specific microsatellite haplotypes contrasts with 
the star shaped pattern of variation seen in networks of mitochondrial DNA sequences in 
Aboriginal Australian populations. While mitochondrial DNA sequence variation among 
Australian populations is consistent with a population bottleneck, it is also consistent with a 
selective sweep and does not contrast with the pattern of variation seen in populations 
throughout the world. The branching pattern of the Y-specific micro satellite haplotype 
network is not indicative of a population bottleneck.
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The proposed population bottleneck associated with Aboriginal Australian populations 
(Harley, 1996) may have been ancient enough for genetic diversity at Y-specific 
microsatellite loci to have been regenerated by mutation. It is likely that the proposed 
bottleneck of the ancestors of Aboriginal Australians occurred too far in the past for analysis 
of Y-specific microsatellite markers to detect its effects. Thus, genetic analysis of these 
markers cannot support or refute the bottleneck hypothesis.
Although humans had colonised the Australian continent by around 60, 000 years ago, these 
people may not have been the ancestors of modem Aboriginal Australians, especially if 
multiple waves of migration into Australia took place. Assuming the proposed population 
bottleneck to have been associated with the colonisation of Australia, a more recent date of 
arrival of the ancestors of modern Aboriginal Australians may not be old enough for genetic 
diversity at microsatellite loci to have recovered by mutation. Therefore the high levels of 
diversity at autosomal and Y-specific microsatellite loci would indicate that there was no 
significant population bottleneck associated with their arrival.
Table 4.1 Average allelic diversity across five microsatellite loci* in six regions
Population
Aboriginal
Australian^
New
Guinean'*7
Asian
(Japanese and 
Chinese)5
African
(Nigerian)*
European
(German)*
Amerindian 
(Costa Rican)"
Average
allelic
diversity
0.57 0.53 0.62 0.46 0.59 0.39
* microsatellite loci: DYS388, DYS390, DYS391. DYS393 and DYS394
Source:
v this thesis
* calculated from allele frequency data presented in Deka et al. (1996)
Table 4.2.a AMOVA design and results for Aboriginal Australian populations based on 
mitochondrial DNA sequence variation"
Source of variation df Percentage of variation*
Among populations 3 7.2
Within populations 156 92.8
*Easteal (per comm) 
*significant at P < 0.001
ATR1702
ATB3905
ATR1105
ATR2811
ATB3908
ATR1701
ATR0209
ATB1607
ATB1603
ATR2701
ATR1502
ATB3911
ATB3914
311c ATB1902
ATB3306
ATB3920
311c
61 del2S4t 299g ATB3910h297c ATR1101 C.R.S
ATB3921
ATR0901
ATR1803
ATB0801
ATB3913 ATR2705
ATB0807
ATR1901ATR1902 ATR0201
249c 249c
ATB3919
ATB3208
ATB3803
ATR2807
ATB1901
ATB1904
ATB2804
ATB3102
ATB3203
ATR1104
ATR1501
ATR1804 ATR2801
Figure 4.1 Example of a network of mitochondrial DNA sequences from the Top End region 
showing a star-shaped pattern (Source: Easteal, pers comm.)
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